T he incidence of vertebral body fracture associated with osteoporosis increases as the population ages. 2, 12 Most cases can be managed conservatively, but cases with neurological complications should be treated surgically to allow patients early return to daily life activities. About 30% of patients with vertebral body fracture present with progressive collapse, 13% show vertebral nonunion, and 3% develop osteoporotic vertebral collapse (OVC) with neurological deficits.
spinal cord, conus medullaris, and cauda equina. The objective neurological symptoms caused by thoracolumbar OVC do not only include motor weakness but also urinary disturbance and/or significant sensory disturbance. On the other hand, the low lumbar spine presents lordotic alignment, and the spinal column contains only cauda equina. Because of these anatomical features, no neurological complications are encountered in low lumbar OVC, and the rate of surgical indication may be lower compared with thoracolumbar lesions. However, it is also important to study other differences between low lumbar OVC and thoracolumbar lesions: clinical status, neurological symptoms, radiological findings, and surgical strategies.
Surgical treatment of the osteoporotic spine is challenging, and various surgical procedures using a variety of techniques have been advocated in the management of OVC. Importantly, most patients who receive surgical treatment are elderly, and prolonged surgical stress may involve risks. Therefore, the important question of how to improve surgery for OVC remains somewhat unanswered. Especially for low lumbar OVC, the same treatment used for thoracolumbar lesion might not be suitable. Posterior decompression surgery alone is not sufficient for these patients because neurological symptoms may result from retropulsed bony fragments and vertebral instability. Watanabe et al. 29 evaluated the surgical results of lumbar spinal canal stenosis associated with compression fracture at L3-5 and reported that the mean recovery rate of the Japanese Orthopaedic Association (JOA) score at final follow-up was 50.4% in patients who underwent posterior decompression surgery and 66.7% in patients who underwent posterior intervertebral fusion surgery.
In the present study, we describe the clinical and radiological features and outcome of 30 consecutive patients with low lumbar OVC and associated neurological symptoms who underwent surgical treatment. Intervertebral cleft is a highly suggestive sign of osteonecrosis and has dynamic mobility indicating instability within the fracture. Because additional support of the anterior column might be necessary to provide stabilization and pain relief, we stratified these patients by the presence of cleft formation. The primary purpose of this study was to discuss the appropriate choice of surgical treatment and outcome for low lumbar OVC. For this purpose, we examined the differences in clinical and imaging features and associated neurological symptoms of low lumbar OVC compared with those of thoracolumbar lesions.
methods

Study design, inclusion, and exclusion
We retrospectively reviewed the medical records of 123 patients who underwent surgeries for OVC between 1993 and 2013 at our university medical center. Among these patients, we enrolled 30 patients (10 men and 20 women) (24.4%) whose affected vertebral levels were below L-3. The affected vertebrae were L-3 collapse in 12 patients, L-4 in 13, and L-5 in 5. The mean age at surgery was 79.3 ± 4.7 years (range 70-88 years). All 30 patients initially received conservative treatment, but neurological symptoms subsequently developed and/or vertebral collapse progressed gradually. Of these 30 patients, cleft formation was identified on the radiographs and MR images at the affected vertebra in 14 patients. None of the patients had comorbidities that directly caused sensory or motor deficits in the lower extremities.
Surgeries
The surgeries for patients with cleft formation at affected vertebra (n = 14) were vertebroplasty (VP) in 2 patients and the combination of decompression, VP, pedicle screw fixation (PSF), and posterolateral fusion (PLF) in 12 patients. We have favored since approximately 2005 a method by which vertebral reconstruction was performed with hydroxyapatite blocks or calcium phosphate cement filling via the pedicle of the fractured vertebra and supplemented by fixation of the vertebrae above and below with PSF. For patients without cleft formation (n = 16), we performed decompression, PSF, and PLF in 10 patients, and posterior lumbar interbody fusion (PLIF) in 4 patients. In 2 cases (cleft formation was identified in 1 patient), correction osteotomy (Ponte osteotomy, pedicle subtraction osteotomy, and vertebral column resection [VCR]) was performed. The 2 senior surgeons (H.B. and K.U.) performed all surgeries using a uniform technique. To avoid bias, the same surgeons were excluded from postoperative evaluation.
outcomes
The clinical symptoms, low-back pain, radicular leg pain, and cauda equine sign, were assessed and stratified by the presence of cleft formation. The neurological status of each patient was assessed according to the JOA scoring system, and the postoperative neurological improvement rate was calculated using the following formula: (postoperative follow-up JOA score -preoperative JOA score) × 100/(29 -preoperative JOA score). All patients completed a 10-point visual analog scale (VAS) as an assessment of their pain. Neurological outcomes, VAS scores, imaging, and postoperative complications of these patients were followed for ≥ 1 year (3 and 6 months and every year after operation; mean 2.4 years, range 1.0-4.5 years). The human ethics review committee of our institution approved the study protocol, and a signed informed consent was obtained from each patient before enrollment in the study.
radiological assessment
Radiological studies comprised plain lumbopelvic radiographs (neutral, flexion, and extension views), CT scanning (CT/T 8800, General Electric), and high-resolution MRI (1.5 Tesla Signa, General Electric).
On the plain radiographs, we assessed other vertebral collapses (if any), the type of vertebral collapse, intervertebral instability, and sagittal spinopelvic alignment before and after surgery. Each OVC was classified into 1 of 3 different types based on its appearance on the lateral projection in neutral position, as described in previous reports, 4, 15, 17, 22 including 1 report by our group 3, 26, 27 (Fig. 1) . In Type 1, or wedge-type collapse, the ratio of the anterior height of the vertebral body to its posterior height was < 60%. Type 2 encompassed flat fracture or vertebra planalike fracture with uniform compression. Type 3 included concave or H-shaped fracture with anterior spur formation or sclerotic change. Type 2 collapse is often associated with the appearance of intervertebral cleft formation on radiographs or MR images. 6, 13 We assessed the following parameters to determine the spinopelvic alignment 11, 21 : pelvic incidence (PI), defined as the angle between a line joining the center of the upper endplate of S-1 to the axis of the femoral heads and a line perpendicular to the upper endplate of S-1; lumbar lordosis (LL), defined as the angle between tangent lines to the inferior endplates of L-1 and superior endplates of S-1; pelvic tilt (PT), defined as the angle between a vertical line and the line joining the middle of the sacral plate and the axis of the femoral heads; sacral slope (SS), defined as the angle between the endplate of S-1 and a horizontal line. On the sagittal, axial, and coronal CT scans and MRI images, we assessed the presence of foraminal stenosis and canal stenosis (Fig. 2) . Bone mineral density (BMD) of the lumbar spine (L1-4) in the posteroanterior projection was measured with dual-energy x-ray absorptiometry (QDR 1000, Hologic), and the results are expressed in g/cm 2 . Plain radiographs and CT scans were followed up 3 and 6 months and every year postoperatively. Two independent observers were responsible for radiological assessment, and both were blinded to the data related to surgery.
Statistical analysis
Clinical and radiological findings were assessed by observers independent of the principal surgeons (H.N. and K.H.). All values are expressed as mean ± SD. Differences between groups were examined for statistical significance using Wilcoxon signed-rank test or Mann-Whitney U-test. A probability value less than 0.05 was considered to represent a statistically significant difference. All statistical analyses were conducted using the SPSS software (version 15.0, SPSS). Table 1 summarizes the symptoms of the 30 patients with low lumbar OVC stratified by the presence of cleft formation. The majority of patients with cleft formation at the affected vertebra complained of both severe lowback pain (85.7%) and radicular pain (85.7%), while the incidence of low-back pain was much lower (25.0%) in those without cleft formation than those with radicular pain (93.8%). The mean JOA score improved significantly from 13.8 ± 5.5 preoperatively to 22.4 ± 5.9 at follow-up; the mean improvement rate was 61.4% ± 24.8%. The mean VAS pain score improved significantly from 8.1 ± 1.3 preoperatively to 3.5 ± 2.1 at follow-up. There was no significant difference in JOA score or VAS pain score among those with cleft formation or surgical procedures.
results clinical Symptoms and Surgical outcomes
image Findings in patients with low lumbar ovc
Assessment of the plain radiographs showed that most patients (25 patients [83.3%]) presented with old compression fractures at the thoracolumbar level. With regard to the type of OVC, none of the patients had Type 1 vertebral collapse (wedge-type), 16 patients had Type 2 (flat-type), and 14 patients had Type 3 (concave or H-shaped type). Fourteen patients (87.5%) with Type 2 vertebral collapse had cleft formation at the affected vertebra. In 11 patients (36.7%), intervertebral instability was evident between the upper and affected vertebra. In all of these patients, there was no cleft formation at the affected vertebra; 11 (68.8%) of 16 patients without cleft formation demonstrated intervertebral instability. Table 2 provides the means and SDs of sagittal spinopelvic alignment before and at the last available follow-up after surgery. LL decreased (16.5° ± 10.2°), and a mismatch between PI and LL (30.4° ± 10.0°) was detected in patients with low lumbar OVC. However, it was difficult for the surgical subjects selected in this study to achieve proper spinopelvic alignment after treatment. Examination of CT scans and MR images showed foraminal stenosis in 18 (60.0%) of 30 patients as well as canal stenosis in 24 (80.0%) of 30 of the patients.
postoperative complications and related Factors
Postoperative complications occurred in 8 patients (26.7%), including progression of vertebral collapse in 4 and loosening and migration of pedicle screws in 8; these complications developed within 6 months after surgery ( Table 3 ). The migration of pedicle screws occurred in 5 patients after VP + PSF + PLF and in 3 patients after PSF + PLF; most of these postoperative complications occurred before bone union of PLF. Among these patients, 2 showed vertebral collapse progression at adjacent vertebra and kyphotic changes associated with loosened pedicle screws; revision surgeries were performed in both patients. Table 4 provides summary data on sagittal alignment and bone density in relation to postoperative complications.
There was no change in sagittal spinopelvic alignment after surgery in relation to postoperative complications. However, lumbar spine BMD was significantly lower in patients with postoperative complications (p = 0.048).
discussion
The aim of this study was to clarify the clinical and imaging features as well as outcomes of low lumbar OVC and to discuss the appropriate surgical treatment. The major findings of our research were 1) the morphological features of OVC in patients with low lumbar vertebra are flattype (Type 2) and concave or H-shaped type (Type 3) with old compression fracture at the thoracolumbar lesion; 2) intervertebral cleft was evident mainly in Type 2 collapse while intervertebral instability was evident mainly in Type 3 collapse; 3) the main clinical symptom in these patients is radicular leg pain originating from foraminal stenosis by retropulsed bony fragments; 4) for patients with cleft formation at the affected vertebra, we recommend VPaugmented short-segment fixation; 5) for patients without cleft formation at the affected vertebra, we recommend PLIF or PLF according to the presence of intervertebral instability; and 6) the high postoperative complication rates could be due to vertebral fragility and/or old age.
OVC is treated surgically in patients with severe and intractable back pain, neurological complications, and/or impending paralysis. Significant clinical challenges must be acknowledged when performing surgical treatment, including the advanced age of the patients, fragility of the vertebra, and presence of serious comorbidities. In this study, the mean age of the patients at surgery was 79.3 years, which is considerably older than patients with thoracolumbar vertebral collapse (70.3 years) described in our previous study. 27 The average lumbar spine BMD of these patients was 0.64 g/cm 2 , indicating poor bone quality. Due to anatomical differences between thoracolumbar and low lumbar lesions with regard to nerve structures and spinal alignment, the treatment strategies for the 2 lesions are also different.
OVC are divided into several types according to their appearance on radiological studies: a wedge-type compression fracture (Type 1) exhibiting progressive kyphosis; a flat-type fracture (Type 2) with osteonecrosis or pseudarthrosis, often exhibiting intervertebral cleft formation; and a concave or H-shaped fracture (Type 3) associated with anterior spur or sclerotic changes. In the present study, vertebral collapse was classified into 3 types based on its appearance on preoperative lateral radiographs. We found that the main types of low lumbar OVC were flat-type (Type 2) and concave or H-shaped type (Type 3), not the wedge type (Type 1), as often found in thoracolumbar OVC. The different proportions are probably related to differences in the pathomechanisms of low lumbar OVC and thoracolumbar lesions. Based on the results of the present study, most patients with low lumbar OVC presented with old compression fractures at the thoracolumbar lesion, with decreased LL. This is because the types of OVC between thoracolumbar and low lumbar lesions were different; middle and/or posterior low lumbar spine loading is increased following spinal alignment changes (Fig. 3A) . In the flat-type (Type 2) and concave or H-shaped type (Type 3) low lumbar OVC, neurological symptoms result from retropulsed bony fragments causing foraminal stenosis and/or canal stenosis 8, 19 ( Fig. 3B and C) . In general, foraminal stenosis is classified into anteroposterior stenosis "transverse stenosis" and craniocaudal stenosis "vertical stenosis." Protrusion of the posterior wall of the vertebral body and facet hypertrophy can cause anteroposterior compression with or without canal stenosis. On the other hand, reduced vertebral body height with bony defect at the caudal side of the affected vertebra is detected in some cases, and when under the upper pedicle can cause craniocaudal compression in a fractured spine. 20 Some cases of concave or Hshaped type (Type 3) vertebra showed sclerotic changes, with higher chance of intervertebral instability between affected and upper vertebra (Fig. 3D) . In these situations, With regard to the surgical strategy for thoracolumbar OVC, from a biomechanical point of view, when only the anterior column is injured among the three Denis-defined columns and characteristic progressive kyphosis is evident, combined anterior decompression and fusion is the ideal choice. 9, 27 However, for low lumbar OVC, the posterior approach may be the ideal surgical option because the main pathology, fractured bone, is located at the middle and posterior parts of the affected vertebra; the decompression procedure for lumbar canal and intervertebral foramen is easier and the anterior approach to low lumbar spine is difficult; and an anterior approach poses risks to abdominal organs and vessels, which could cause serious complications in elderly patients. Figure 4 shows the surgical strategies for low lumbar OVC based on our observations and experience in the present study. Although our primary method of short fusion using a posterior approach was considered the less stressful or less invasive operation to resolve back pain and radicular leg pain, correction osteotomy and long fusion were performed in a few cases to restore spine alignment 18 (Figs. 4 and 5) . Although most cases of low lumbar OVC presented decreased LL, they rarely exhibited kyphotic changes since the ratio of wedge-type collapse was low. For patients with cleft formation at the affected vertebra, VP + PS + PLF are recommended (Figs. 4 and 6 ). In our previous study on thoracolumbar OVC, we reported that VP-augmented short-segment fixation seems to offer immediate spinal stability, and the effect seemed equivalent to that of anterior reconstruction. 26, 28 Similar to low lumbar OVC, VP is available for the stability of the collapsed vertebra. However, VP without short fusion (only VP) is not recommended because the load on middle and/or posterior lesions of the affected vertebra increased in this group, and collapse of the affected vertebra could easily progress. The clinical outcome of VP without short fusion for patients with vertebral body height loss of ≥ 70% is poor in most cases with Type 2 or Type 3 collapse. 1 Figure 7 presents 1 of the 2 cases who required revision surgery. In this case, 6 months after VP without fusion for OVC at L-4, the L-4 vertebra recollapsed where retropulsed bony fragments in the spinal canal generated neurological deficits. Revision surgery including decompression + PSF (L2-S1) + PLF was performed, but the upper end of the fixation and adjacent vertebra collapsed following screw loosening. In patients without cleft formation, the affected vertebra often showed sclerotic changes. In cases without evidence of intervertebral instability on radiological images, PSF (screw also inserted in the affected vertebra) + PLF are recommended (Figs. 4 and 8) . It is advantageous in such cases to insert pedicle screws in the affected vertebra because most of these vertebrae present sclerotic changes, providing good anchor for the spine. In cases with intervertebral instability, the upper vertebra is usually slipped; therefore, PLIF is recommended (Figs.  4 and 9) . The PLIF procedure provides excellent clinical outcome for both canal stenosis and foraminal stenosis. 30 The mean neurological score improved significantly postoperatively; however, the rate of postoperative complications (26.7%), mainly related to the instrumenta- tion, was not low in this study. Our results indicate that the surgical procedure of short fusion with posterior approach cannot correct the mismatch between LL and PI. However, the sagittal spinopelvic alignment was not different between patients with and without postoperative complications in the present study, while the lumbar spine BMD was significantly lower in patients with postoperative complications. Although the PSF method can achieve strong spinal fixation, the severity of osteoporosis plays a major role in the pullout force of the screws. 23, 24 These results indicate that it is not necessary to correct the sagittal alignment in patients with low lumbar OVC, except in cases requiring long fusion or multiple site of fixation for accepting lesser degrees of deformity correction and avoiding ending instrumentation within kyphotic segments or when the severity of osteoporosis is very high. 7, 14 To avoid these postoperative complications, it may be necessary to implement some augmentation, such as use of a supplemental hook system or sublaminar cables combined with standard short segment PSF, 24 together with treatment of osteoporosis, for example, using parathyroid hormone (PTH). 16 This study had certain limitations. First, patients in this series were elderly, and it was impossible to follow 11 of 30 patients because 9 patients died of other diseases and 2 patients could not visit our hospital postoperatively due to excessive travel distance and/or physical disability. We could only check the final follow-up data for these patients from the medical records or telephone interview. Imaging and mean follow-up period in these patients was only 2.4 years (1.0-4.5 years). Another limitation was the use of PTH and/or some augmentations in surgeries in the patients seen in recent years. It is possible this study underrepresents the true failure or complication rate. Second, since the study was a small retrospective case series, multivariate analysis of each parameter was not possible. For these limitations, further investigation of a large number of cases is required to assess the surgical outcome and to design a validated algorithm for low lumbar OVC. However, since a few reported studies have examined patients with low lumbar OVC, the present study on the clinical status, neurological symptoms, radiological findings of such patients, no doubt, provides important information regarding surgical strategies and outcome.
conclusions
The morphological features of OVC in patients with low lumbar vertebra are flat-type and concave or H-shaped type. In these, foraminal stenosis, canal stenosis, and/or intervertebral instability are found, and severe radicular leg pain may occur. For these patients, decompression and short fusion surgery via a posterior approach can improve the neurological symptoms. However, these patients present at advanced age, with poor bone quality and other comorbidities, where the rate of postoperative complications related to the instrumentation is less than ideal. Surgical strategy and treatment of osteoporosis are both important in these patients. 
